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Atomistic simulations are playing an increasingly important role
in the investigation of the fundamental mechanisms of laser-
material interactions. The advancements in the computational
methodology and fast growth of available computing resources are
rapidly expanding the range of problems amenable to atomistic
modeling. This chapter provides an overview of the results obtained
in recent simulations of laser ablation of metal targets in vacuum,
a background gas, and a liquid environment. A comparison of the
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results of the simulations of laser ablation of Al targets in vacuum
and in a 1 atm Ar background gas reveals a surprisingly strong
effect of the gas environment on the initial plume dynamics and
the cluster size distribution, with almost complete suppression
of the generation of small atomic clusters in the front part of the
ablation plume. A stronger spatial confinement of laser ablation by a
liquid environment, investigated for Ag targets in water, is found to
suppress the material ejection and produce large frozen subsurface
voids at low laser fluences and a dense layer of superheated liquid
metal at the front of the ejected ablation plume at higher fluences.
The implications of the computational predictions for interpretation
of experimental data on the effect of background gas and liquid
environments on the generation of nanoparticles in laser ablation
are discussed.

12.1 Introduction

“Laser ablation” is a term used to describe material removal from
a target irradiated by a laser pulse. A wide range of practical
applications of laser ablation includes generation of chemically clean
and environmentally friendly nanoparticles [1]. The production of
nanoparticles through direct laser ablation of an irradiated target
eliminates the need for chemical precursors and presents a number
of important advantages over conventional multistep chemical
synthesis methods that introduce contamination from intermediate
reactants and/or produce agglomerated structures with degraded
functionality. The size, shape, structure, and composition of
nanoparticles generated by laser ablation can be controlled by
changing the target structure and composition [2], varying the
background gas environment [3, 4], or mixing ablation plumes
generated by double-pulse irradiation [5, 6]. Short-pulse (fs-ps)
laser sources are especially suitable for nanoparticle production due
to more localized and intense laser heating compared to nanosecond
laser pulses [7-10] that increase the fraction of nanoparticles in the
ablation plume [11-14].

Laser ablation in a liquid environment has recently emerged
as a particularly promising approach to the generation of colloidal
solutions of contamination-free nanoparticles [1, 15-18]. The
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characteristics of nanoparticles in this case are affected by the
choice of the liquid medium [19-21], its temperature [22], and
the presence of surfactants [23-27]. The highly nonequilibrium
conditions created by the interaction of the ablation plume with a
liquid environment can result in the formation of nanoparticles with
unusual structures, shapes, and composition, such as nanocubes
[28], hollow spheroids [29, 30], patch-joint football-like AgGe
microspheres [31], and diamond nanocrystallites produced by the
laser ablation of graphite [32].

The main obstacles to broadening the range of practical
applications benefiting from nanoparticle synthesis by laser ablation
are the relatively low productivity [33] and wide (and often bimodal)
nanoparticle size distributions [34-36]. The latter can be related to
the variability of the nanoparticle formation mechanisms in different
parts of the ablation plume [37-40], as well as the generation of
large micron-size droplets by hydrodynamic sputtering of the
melted pool or rupturing of liquid layers separated/spalled from
the target in the course of the relaxation of laser-induced pressure
[38, 41, 42]. Further progress in the optimization of experimental
parameters for the efficient generation of nanoparticles with a
narrow size distribution, required for advanced sensing, catalysis,
and biomedical applications, can be facilitated by improved physical
understanding of the involved processes.

While the general mechanisms of laser melting, spallation, and
ablation in vacuum have been extensively studied experimentally,
theoretically, and computationally, the effect of spatial confinement
by a high-pressure (1 atm or higher) background gas, a liquid
environment, or a solid overlayer on the laser-induced processes
still remains largely unexplored. Introduction of spatial confinement
and the interaction between the ejected plume and the surrounding
medium adds another layer of complexity to the description of
short-pulse laser ablation, which by itself is a complex and highly
nonequilibrium phenomenon. As a result, the theoretical analysis
of the nanoparticle formation by laser ablation in liquids [43] is
largely based on semiquantitative models that adopt the concepts
developed for the plume expansion in a background gas to the much
stronger confinement by a liquid environment, and describes the
nanoparticle formation as a process of coalescence of clusters in a
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supersaturated solution formed by the mixing of the ablation plume
and the liquid. The analysis in this case relies on the assumptions of
the initial cluster size distribution in the solution, the temperature
evolution in the plume-liquid mixing region, the thickness of the
mixing region, and other parameters. While the continuum-level
modeling can provide additional insights into the ablation dynamics
[44, 45], some of the key processes, such as the mixing of the
ablation plume with a liquid environment and the generation of
nanoparticles in the mixed region, cannot be easily included in the
continuum models.

Under conditions when the analytical and continuum-level
numerical descriptions of spatially confined laser ablation are
hindered by the complexity and highly nonequilibrium nature of
laser-induced processes, the molecular dynamics (MD) computer
simulation technique can serve as a useful alternative approach,
capable of providing atomic-level insights into the laser-induced
processes. The main advantage of the MD technique is that no
assumptions are made on the processes or mechanisms under
study. The only input in the MD model is the interatomic interaction
potential that defines the equilibrium structure and thermodynamic
properties of the material. The interatomic potentials are typically
designed via ab initio calculations and fitted to reproduce basic
material properties of interests. Once the interatomic potential
is chosen and initial conditions are defined, the MD trajectories
(positions and velocities) are obtained through numerical solution
of the equations of motion for all atoms in the system without any
further assumptions. This advantage makes MD an ideal technique
for exploring nonequilibrium processes and revealing new physical
phenomena.

Indeed, over the last 20 years MD simulations have been actively
used in investigations of laser-induced generation of crystal defects,
melting, and resolidification [46-57], as well as photomechanical
spallation [38, 42, 55, 58-61] and ablation of various material
systems [35, 37, 38, 55, 59, 60, 62-82]. Some of the results of
MD simulation of laser-material interaction have been reviewed
in Refs. [83-85]. Most of the MD simulations of laser ablation,
however, have been performed for vacuum conditions, with the
exception of a series of simulations of shock wave formation in
laser ablation of an argon target in a background gas [77-80] and a
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two-dimensional simulation of laser ablation of a target covered by
a thin (400 monolayers thick) wetting layer [86]. The focus of the
simulations reported in Refs. [77-80] was on the characteristics of
the shock waves produced by the interaction of the ablation plume
with the surrounding gas, and the effect of the background gas on
the generation of clusters and nanoparticles was not analyzed. The
qualitative conclusion of Ref. [86] on the decrease of the size of the
ejected clusters in the presence of a wetting layer has to be verified
and quantified in more realistic three-dimensional simulations.

In this chapter, we provide an overview of the results obtained in
recent MD simulations of laser ablation of metal targets in vacuum,
a high-pressure background gas, and a liquid environment. The
computational methodology developed for MD simulations of laser
interactions with metal targets is briefly discussed in Section 12.2,
with a particular focus on a computationally efficient description of
the ablation plume interaction with the background gas and liquid
environment. A brief overview of the relatively well-established
mechanisms of laser ablation in vacuum is provided and illustrated
by the results of recent large-scale MD simulations in Section 12.3.
The effect of the background gas on the dynamics of the ablation
plume and nanoparticle size distribution is discussed in Section 12.4.
The results of the first MD simulations of laser ablation in water are
described in Section 12.5. The overall conclusions on the effect of
the background gas and liquid environment on the mechanisms of
nanoparticle generation are provided in Section 12.6.

12.2 Computational Setup for the Simulation
of Laser Interactions with Metals in a
Background Gas or Liquid Environment

The simulations discussed in this chapter are performed with a
hybrid computational model combining the classical MD method with
a continuum-level description of the laser excitation and subsequent
relaxation of the conduction band electrons. The basic concepts of
the model as well as the new computational developments enabling
the simulations of laser ablation in a background gas and in liquids
are briefly described below.
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12.2.1 Representation of Laser Interaction with Metals

Although the MD method is capable of providing detailed
information on the microscopic mechanisms of laser ablation,
several modifications have to be made in order to apply the classical
MD for simulations of laser interactions with metals. In particular,
a realistic description of the laser coupling to the target material,
the kinetics of thermalization of the absorbed laser energy, and the
fast electron heat conduction should be incorporated into the MD
technique. These processes can be accounted for by incorporating
the MD method into the general framework of the two-temperature
model (TTM) [87, 88] commonly used in the simulations of short-
pulse laser interactions with metals. The idea of the combined TTM-
MD model [38, 48, 55] is schematically illustrated in Fig. 12.1 and is
briefly explained below.
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Figure 12.1 Schematic representation of the combined continuum—coarse-
grained—atomistic model for the simulation of laser interactions with metals
in a background gas or liquid environment. The metal target is represented
by the TTM-MD model [38, 48], the liquid environment is simulated with a
coarse-grained model [105], described in Section 12.2.2, and the simulations
in a background gas are performed in the presence of a large gas-phase region
equilibrated at the desired temperature and pressure. The spatial discretization
in the continuum part of the model and the dimensions of the atomistic and
continuum regions are not drawn to scale.

In the original TTM, the time evolution of the lattice and
electron temperatures, T and T, is described by two coupled
differential equations (Egs. 12.1 and 12.2 in Fig. 12.1) that account
for the electron heat conduction in the metal target and the energy
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exchange between the electrons and atomic vibrations. In the
combined TTM-MD method, MD substitutes the TTM equation for
the lattice temperature in the surface region of the target, where
laser-induced structural and phase transformations take place. The
diffusion equation for the electron temperature, T, is solved by a
finite difference method simultaneously with MD integration of
the equations of motion of atoms. The cells in the finite difference
discretization are related to the corresponding volumes of the MD
system, and the local lattice temperature, Tlce“, is defined for each
cell from the average kinetic energy of the thermal motion of atoms.
The electron temperature enters a coupling term, émiﬁfh, that is
added to the MD equations of motion to account for the energy
exchange between the electrons and atomic vibrations. In this
coupling term, & is a coefficient that depends on the instantaneous
difference between the local lattice and electron temperatures
as well as the strength of the electron-phonon coupling [48], m;
is the mass of an atom i, \7,.th is the thermal velocity of the atom
defined as v =v, —°, where V, is the actual velocity of atom i
and V° is the velocity of the center of mass of a cell to which atom
i belongs. The expansion, density variation, and at higher fluences,
disintegration of the irradiated target predicted in the MD part of
the model are accounted for through the corresponding changes of
the parameters of the TTM equation for electron temperature. The
three-dimensional solution of the diffusion equation for T, is used in
simulations of laser spallation and ablation [38, 56, 61], where the
dynamic material decomposition may result in lateral density and
temperature variations.

In the continuum part of the model, beyond the surface region
represented by the MD method, the electron heat conduction and
the energy exchange between the electrons and the lattice are
described by the conventional TTM equations, with L, = 2-6 yum
chosen to ensure negligible temperature changes at the bottom of
the computational domain during the simulation time. A dynamic
pressure-transmitting boundary condition [89-92] is applied at the
bottom of the MD part of the system (marked as @ in Fig. 12.1) to
ensure nonreflecting propagation of the laser-induced stress wave
from the MD region of the computational system to the bulk of the
target. The energy carried away by the stress wave is monitored,
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allowing for control over the total energy conservation in the
combined model [91].

In the simulations of laser interactions with thin films deposited
onasubstrate [35], the atomistic TTM-MD representation is extended
to the whole metal film, with a thickness L, and the boundary
condition marked as @ in the left part of Fig. 12.1 is modified to
reproduce the elastic response of the substrate to the laser-induced
pressure waves and the adhesion between the metal film and the
substrate [35, 92]. The acoustic impedance matching boundary
condition at the substrate-film interface is parametrized in this
case to ensure the partial reflection of the laser-induced pressure
wave from the interface, as well as the work of adhesion between
the silica substrate and metal film. In an alternative method for the
description of the metal-substrate interface, a part of the substrate
is represented with atomic resolution [92], thus accounting not only
for the elastic response of the substrate but also for the possibility of
plastic deformation, melting, and atomic mixing in the region of the
substrate adjacent to the metal film.

The choice of the interatomic potential in MD simulations defines
all the thermal and elastic properties of the target material, such
as the lattice heat capacity, elastic moduli, coefficient of thermal
expansion, melting temperature, volume, and enthalpy of melting
and vaporization. In the simulations discussed in this chapter, the
interatomic interactions are described by the embedded atom
method (EAM) potentials [93] that provide a computationally
efficient but still realistic description of bonding in metals. In
particular, an EAM potential for Al developed by Mishin et al. [94, 95]
is used in the simulations discussed in Sections 12.3 and 12.4, and
an EAM potential for Ag designed by Foiles, Baskes, and Daw [96] is
used in Section 12.5.

The electron temperature dependences of the thermophysical
material properties included in the TTM equation for the electron
temperature (electron-phonon coupling factor G, the electron heat
capacity C,, and the heat conductivity K,; see Fig. 12.1) are highly
sensitive to details of the electronic structure of the material and
can exhibit large deviations (up to an order of magnitude) from the
commonly used approximations of a linear temperature dependence
of the electron heat capacity and a constant electron-phonon
coupling [97-99]. These deviations have important implications
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for quantitative computational analysis of ultrafast processes
associated with fs laser interaction with metals [52-54, 97, 98] and
are accounted for in the TTM-MD model.

12.2.2 Representation of Background Gas and Liquid
Environments

The background gas environment is introduced into the model in a
rather straightforward manner, by simply adding a region with gas-
phase molecules/atoms equilibrated at the desired temperature and
pressure above the surface of the target, as shown in Fig. 12.1. The
size of the region, L., in Fig. 12.1, is chosen to be sufficiently large to
ensure that the shock wave generated in the background gas by the
ejection of the ablation plume would not reach the upper end of the
region during the time of the simulation. A simple rigid plane is used
in this case as the upper boundary of the background gas region
instead of the pressure-transmitting boundary shown in Fig. 12.1.
This brute force approach is possible because the computational
overhead added by the treatment of the background gas is relatively
small. For example, in the simulations of laser ablation of Al
targets discussed in Section 12.4, an Ar gas region with L., = 4
um contributes only 0.5 to 5% of the total number of atoms for the
values of the background gas pressure ranging from 1 to 10 atm.

The interatomic interactions between Ar and Al atoms are
described by the Lennard-Jones (L]) potential, with the parameters
for Ar-Ar adopted from Ref. [100] and the ones for Ar-Al fitted to
the results of ab initio calculations of the adsorption energy of an
Ar on Al (111) surface [101]. At short distances (high interaction
energies), the L] potential for Ar-Al interactions is substituted by the
Ziegler-Biersack-Littmark (ZBL) potential [102], which provides a
more realistic description of the energetic collisions between the Al
and Ar atoms at the initial stage of the plume expansion. The L] and
ZBL potentials are smoothly connected with each other by a second-
order polynomial applied in the range of distances that correspond
to the energy of the repulsive interaction ranging from -0.026 to
0.220 eV.

The computational description of the liquid environment
presents a bigger computational challenge as compared to that
of the background gas. The direct application of the conventional
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all-atom MD representation of liquids in large-scale simulations
of laser processing or ablation is not feasible due to the high
computational cost. Thus, a coarse-grained representation of the
liquid environment [59, 70], where each particle represents several
molecules, is adapted in the simulations described in Section 12.5.
The coarse-graining reduces the number of degrees of freedom
treated in the MD simulations and, as a result, significantly increases
the time and length scales accessible for the simulations. At the
same time, however, the smaller number of the dynamic degrees of
freedom results in a severe underestimation of the heat capacity of
the liquid. To resolve this problem, the degrees of freedom missing
in the coarse-grained model are accounted for through a heat bath
approach that associates an internal energy variable with each
coarse-grained particle [103-106]. The energy exchange between
the internal (implicit) and dynamic (explicit) degrees of freedom
is controlled by the dynamic coupling between the translational
degrees of freedom and the vibrational (breathing) mode associated
with each particle (the particles are allowed to change their radii,
or to “breathe” [70, 105]). The energy exchange is implemented
through the addition of a damping or viscosity force to the breathing
mode, which connects the breathing mode to the energy bath with
a capacity chosen to reproduce the real heat capacity of the group
of atoms represented by each coarse-grained particle [105, 106]. In
effect, the breathing mode serves as a “gate” for accessing the energy
stored in the molecular heat bath.

The first implementation of the coarse-grained model with the
heat bath approach was recently developed for water and applied
in simulations of laser interactions with the water-lysozyme system
[105] and ablation of thin Ag films in a water environment [106].
While one cannot expect the coarse-grained model to provide an
accurate representation of all the structural and thermodynamic
properties of water, the key physical properties predicted by the
model, such as density, speed of sound, bulk modulus, viscosity,
surface energy, melting temperature, critical temperature, and
critical density, are found to not deviate from the experimental
values by more than 25% [105, 106]. In the simulations discussed
in Section 12.5, the potential describing the interactions between
Ag atoms and the coarse-grained particles is fitted to match the
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diffusion of metal atoms and small clusters in water, predicted in
atomistic simulations performed at different temperatures.

12.3 Large-Scale MD Simulations of Laser
Ablation in Vacuum

The MD simulations are based on the solution of the equations of
motion for all atoms included in the computational system and, as a
result, are generally limited to the treatment of submicron regions
of the irradiated targets containing fewer than a billion (10°) atoms.
With a typical laser spot of tens to hundreds of microns and an
ablation depth of tens to hundreds of nanometers, the number of
atoms in a computational system that would be needed for the direct
MD simulation of processes occurring on the scale of the whole laser
spot can easily exceed trillions and is clearly beyond the current
capabilities of the MD technique. Under these circumstances, the MD
computational cell is typically assumed to represent a local volume
within the laser spot, and the material response to local laser energy
deposition is investigated, as schematically shown in the left part of
Fig. 12.1. The periodic boundary conditions in the lateral directions,
parallel to the surface of the target, are used in this case to reproduce
the interaction of atoms in the MD computational cell with the
surrounding material.

The processes occurring at the scale of the whole laser spot can
still be investigated by combining results of simulations performed
at different laser fluences and mapping them to the different
locations within the laser spot. This mosaic approach is illustrated in
Fig. 12.2 for an Al target irradiated by a 100 fs pulse with a Gaussian
spatial profile of the laser beam. The snapshots shown in the figure
are from five TTM-MD simulations performed at different laser
fluences. The computational systems used in these simulations have
lateral dimensions of 94 x 94 nm? and the depth of the atomistic part
of the computational cell (L, in Fig. 12.1) ranging from 150 nm for
the lowest fluence to 300 nm for the highest one (the corresponding
number of atoms is between 77 to 159 millions). The snapshots
from individual TTM-MD simulations are shown for the same time of
150 ps after the laser pulse and are aligned with locations within the
laser spot that correspond to the values of local fluence used in the
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simulations, as shown by the vertical and horizontal dashed lines in
the lower part of Fig. 12.2.

'S
500

1760 m/s 1760 m/s

1250 m/s
1000 m/s I

1250 m/s
] 1000 m/s

1
250

Distance from the initial surface (nm)

390 m/s

|

390 m/s

|

0

Fluence (J/m?)
1000 1500 2000

Distance from the center of the laser spot (o)

Figure 12.2 An illustration of the mosaic approach to the representation
of the laser-induced processes at the scale of the whole laser spot, based on
the results of a series of atomistic simulations performed for different laser
fluences. The integral visual picture of melting, generation of subsurface voids,
and material ejection is shown for an Al target irradiated by a 100 fs laser pulse.
The laser beam has a Gaussian spatial profile with the standard deviation o
and a peak-absorbed laser fluence of 2050 J/m?, as shown in the lower part
of the figure. All snapshots are taken at the same time (150 ps) after the laser
pulse and are aligned with locations within the laser spot that correspond to the
values of the local fluence used in the simulations. The atoms in the snapshots
are colored by their potential energy, from blue for low-energy atoms in the
bulk of the target to red for the vapor-phase atoms. The red dots connected by
the red line mark the location of the liquid—crystal interface. Reproduced from
Ref. [38] with permission of Springer.

A mere visual inspection of Fig. 12.2 suggests coexistence of
two distinct regimes of the material response to the laser energy
deposition within the laser spot. In the periphery of the laser spot,
a well-defined liquid layer can be seen at the top of the region of
an expanding foamy structure of interconnected liquid regions. In
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the central part of the laser spot, the top surface layer of the target
undergoes an explosive decomposition into vapor and small liquid
droplets. The transition between the two regimes is manifested by
the disappearance of the top liquid layer and a sharp increase in the
density of the vapor emitted from the irradiated surface.

The two distinct visual pictures of the ablation process can be
related to the differences in the physical mechanisms driving the
material ejection. In the periphery of the laser spot, the energy
density is not sufficient enough to cause an explosive release of
the vapor (so-called phase explosion or explosive boiling [37, 60,
107-109]), and the material ejection (commonly called “spallation”
[41, 42]) is driven by the relaxation of laser-induced stresses.
The photomechanical nature of the spallation is evident from Fig.
12.3a, where the evolution of pressure and temperature is shown
for a sequence of consecutive 5 nm thick layers located at different
depths in the initial target irradiated at an absorbed laser fluence
of 1100 J/m? The initial increase in temperature and pressure in
different layers (Fig. 12.3a) is related to the laser excitation and
electron-phonon energy transfer taking place under conditions
of stress confinement [55, 42], when the heating rate exceeds the
rate of the mechanical equilibration (expansion) of the material.
The degree of stress confinement is different in different layers,
with the top layers starting to expand before the electron-phonon
equilibration is completed, thus reducing the maximum pressure
reached in these layers. The relaxation of the compressive pressure
in the presence of the free surface results in the development of an
unloading (tensile) component of the stress wave propagating from
the irradiated surface to the bulk of the target. The strength of the
unloading component of the wave increases with depth down to the
layer located between 110 and 115 nm. The temperature-pressure
trajectories forlayerslocated between 15 and 80 nm crosstheredline,
marking the limit of the stability of the metastable liquid against the
onset of the cavitation (determined in a series of constant-pressure
MD simulations [38]) (Fig. 12.3b). The observation that the void
formation is only observed in a region that corresponds to the layers
that cross the red line supports the notion of the photomechanical
nature of the driving forces responsible for the nucleation, growth,
and coalescence of subsurface voids, which eventually lead to the
ejection of liquid droplets in the spallation regime.

433



434

15 [ 51015202530 354045 50 5560 6570 75 80 85 9095
time (ps)

= 10 <
a ¥
&) )
o L
i s
~ ~
0 4
1 al
1000 2000 3000 4000 2000 3000
(a) Temperature (K) (b) Temperature (K)
r i ,r L, _ il ——a— (-1 nm f
—e—12nmm Fi
—a—2-3nm f

—+—— 3-4nm

0.1——0—4-5nm/

Pressure (GPa)
Pressure (GPa)

1 1 i 1 1 i i L
2000 4000 6000 5000 5500 6000
(C) Temperature (K) (d) Temperature (K)

Figure 12.3 The evolution of temperature and pressure averaged over 5 nm
thick (a—c) and 1 nm thick (d) consecutive layers located at different depths
in the initial Al targets irradiated by 100 fs laser pulses at absorbed fluences
of 1100 J/m? (a, b) and 2000 J/m? (c, d). The red line shows the temperature
and pressure conditions for the onset of cavitation or phase explosion in
the metastable liquid, calculated for Al represented by the EAM potential.
Reproduced from Ref. [38] with permission of Springer.

In the central part of the laser spot, the temperature-pressure
trajectories are similar to the ones discussed above, except that
the higher energy density deposited in the top layers of the target
makes the trajectories for the top layers cross the red line at higher
temperatures and lower magnitudes of negative pressure, and even
at positive pressure, as is the case for the three top 1 nm thick layers
in Fig. 12.3c. The material decomposition in this case proceeds
through the rapid (explosive) decomposition of the superheated
liquid into vapor and small liquid droplets, signifying the transition
to the phase explosion regime of laser ablation [55, 110]. Deeper
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into the target, the propagation of the tensile component of the
stress wave leads to the additional cavitation in the superheated
liquid, with the density of vapor in the pores decreasing with depth,
as can be seen from the series of snapshots shown in Fig. 12.4 for
a simulation performed at a fluence of 2000 J/m?. The pressure-
temperature trajectories for the material initially located down to
~100 nm below the surface cross the red line that defines the limit
of the stability of the metastable liquid against the onset of the
cavitation at large negative stresses, suggesting that the relaxation
of the tensile stresses rather than the release of vapor-phase atoms
is providing the main driving force for the nucleation and growth of
voids in this region. Hence, the dominant driving force responsible
for the material decomposition changes with depth and contributes
to the effect of spatial segregation of droplets that is commonly
observed in the ablation plume.

0 500 1000 1500
Distance from the initial surface (nm)

Figure 12.4 Snapshots of atomic configurations predicted in the TTM-MD
simulation of laser ablation of a bulk Al target irradiated by a 100 fs laser pulse
at an absorbed fluence of 2000 J/m? in vacuum and in the presence of a 1 atm
Ar gas environment. The irradiation regime in these simulations corresponds to
the phase explosion in the top part of the target. Only parts of the computational
system are shown in the snapshots. The Al atoms are colored according to their
potential energies.

The expansion of the fine “Swiss cheese”-like cellular structure
generated in an ~100 nm wide surface region of the target during
the first 50 ps after the laser pulse [38] leads to the coarsening of
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Atomistic Simulations of the Generation of Nanoparticles in Short-Pulse Laser Ablation

the liquid regions and eventual disintegration of the evolving foamy
structure into individual liquid droplets (see snapshots for 200, 400,
and 600 ps in Fig. 12.4). We can conclude that, under conditions of
stress confinement realized in fs laser ablation of metals, the clusters
and droplets generated in the phase explosion of the top part of the
target and the ones emerging from photomechanical cavitation
and disintegration of the deeper melted material have different
characteristics and contribute to different parts of the ablation
plume. The results of the cluster analysis shown Fig. 12.5 indicate
that the front part of the expanding plume consists of vapor-phase
atoms and small droplets, the medium part of the plume consists
of medium-size droplets, and the rear part of the plume consists of
large liquid droplets. This cluster segregation effect can be
related to the results of plume imaging experiments [7, 8, 39, 40,
111-115], where the plume splitting into a fast component with
an optical emission characteristic for neutral atoms and a slow
component with blackbody-like emission of hot clusters is
observed.

The occurrence of both spallation and phase explosion
processes within the same laser spot (Fig. 12.2) can be related to
the results of pump-probe experiments [116-118], where the
observation of optical interference patterns (Newton rings) can be
explained by the spallation of a thin liquid layer from the irradiated
target, and the disappearance of the interference fringes in the
central part of the laser spot [116-118] can be attributed to the
transition to the phase explosion regime. Moreover, the sharp
increase in the fraction of the vapor-phase atoms in the ablation
plume upon the transition from spallation to phase explosion [38,
55, 110] can be related to the results of plume imaging experiments
[111], where the maximum ejection of nanoparticles in laser
ablation of Ni targets is observed at low fluences, whereas the
degree of plume atomization increases at higher fluences. Note that
the ejection of liquid layers observed in the simulations performed
in the spallation regime can be related to the experimental
observation of micro- and nanoparticles since the thin liquid layers
can be expected to become unstable and decompose into individual
droplets, as discussed in Ref. [38] on the basis of thin-film
instability theory [119].
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Figure 12.5 Number density of individual atoms (a) and clusters of different
sizes (b—e) as a function of the distance from the initial surface in simulations of
laser ablation of a bulk Al target irradiated by a 100 fs laser pulse at an absorbed
fluence of 2000 J/m? with and without the presence of a 1 atm Ar background
gas. The distributions are plotted for 600 ps after the laser pulse, which
corresponds to the last pair of snapshots shown in Fig. 12.4. The analysis is
performed for groups of clusters of similar sizes to obtain statistically adequate
representations of the spatial distribution of clusters of different sizes in the
ablation plume.
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12.4 Ablation in a Background Gas

The presence of a background gas is recognized as a key factor
enabling an effective control over nanoparticle structure and size
distribution in short-pulse laser ablation, for example, Refs. [3, 4,
120-122]. Experimental probing of the ablation plume dynamics
with various time- and spatially resolved optical and spectroscopic
imaging techniques [3, 4, 8, 121-128] has provided a wealth of
information on the evolution of different plume components and
revealed a number of interesting phenomena, such as the plume
splitting into fast and slow components, shock wave formation,
onset of oscillatory behavior and turbulence, plume stagnation, and
redeposition of ablated material.

A number of distinct regimes of ablation plume interaction with
the background gas have been identified [122, 128, 129] and related
to suitable theoretical models. At low pressure, up to about 1 Pa, the
effect of scattering of the ablated species by the background gas is
weak and the vacuum-like plume dynamics can be described as a
self-similar adiabatic expansion [130]. The confining effect of the
background gas becomes noticeable as the pressure approaches
10 Pa, when the plume shape starts to change [128], the angular
distribution of the ablated species broadens [129], and the plume
slows down. In this regime, the collective motion of the background
gas due to the collisions with ablated species can still be neglected
and the random scattering of the ablated species in the background
gas can be simulated with the Monte Carlo computational technique
[131, 132]. For intermediate pressure, between 10 and 100 Pa, a
combination of scattering and collective motion leads to a complex
interplay of compression and interpenetration of the plume and
the background gas, thus presenting a challenge for a theoretical
description. The empirical drag model [133], a model combining
scattering and gas dynamic concepts [134], a mixed-propagation
(diffusion and drag) model incorporating cluster growth kinetics
[122, 135], and a combined Monte Carlo-hydrodynamic model
[136] are among the approaches developed for the description
of the ablation plume dynamic in this regime. Finally, for the
background pressure of hundreds of pascals and higher, the shock
wave formation and propagation dominate the plume dynamics and
can be described by a “point explosion” analytical model [137-140]
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or gas dynamics computational models that neglect the diffusional
mixing [127, 141-143].

A complete picture of the ablation plume interaction with the
background gas, including the formation of the plume-ambient gas
mixing zone and the shock front characteristics, can be provided
by MD simulations of the ablation process. While, in principle, MD
simulations can be performed for any magnitude of the background
pressure, the high computational cost of the simulations makes
it practical to only consider the high pressures, when the active
processes of the shock wave and mixing zone formation take place
during the first nanoseconds after the laser pulse. Indeed, the first
MD simulations oflaser ablation in a background gas were performed
for 0.03 to 8.6 atm [77-80] and provided important insights into
the initial ablation plume dynamics, shock wave formation, and
characteristics of the plume-ambient gas interaction zone.

An important advantage of the MD technique is the ability to
account for the direct ejection of atomic clusters and liquid droplets
from the targets irradiated by short laser pulses. It has been
demonstrated in experiments [8, 14, 108, 144, 145] and predicted
in MD simulations performed for metals and molecular systems [37,
38, 55, 59, 60, 76, 110] that the clusters/droplets are unavoidable
products of the explosive material disintegration in short-pulse laser
ablation and constitute a major fraction of the total mass of ejected
material. Most of the theoretical and computational approaches
developed for the description of laser ablation in a background
gas and briefly discussed above, however, treat the initial state of
the ejected material as a hot dense vapor and only consider the
formation of clusters and nanoparticles through the collision-
induced condensation in the dense regions of the ejected plume. A
realistic representation of the material ejection in MD simulations,
therefore, makes this technique uniquely suitable for the analysis
of the implications of the multiphase composition of the ablation
plume. The ability of MD simulations to reproduce the evolution of
the cluster size distribution in the ablation plume interacting with a
background gas is illustrated below by the results of a simulation of
laser ablation of an Al target in a 1 atm Ar gas environment.

To facilitate a comparison with laser ablation in vacuum, the
simulation of laser ablation in Ar gas is performed for the same
absorbed fluence of 2000 J/m? and pulse duration of 100 fs as in one
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of the simulations discussed above, in Section 12.3. The size of the
Al sample is also the same, with a 4 pm thick Ar gas region added
above the surface of the sample, as shown in Fig. 12.1. As can be
seen from the snapshots shown in Fig. 12.4, the overall picture of
the ablation process is similar in vacuum and in the 1 atm Ar gas. In
both cases, the top surface regions of Al targets undergo explosive
decomposition into mixtures of vapor and liquid droplets, while
deeper regions undergo cavitation caused by the propagation of the
tensile (unloading) components of the laser-induced pressure waves
(see Section 12.3 for a discussion of the ablation mechanisms).
However, one can still clearly observe the differences in the
dynamics of the plume expansion. Even at the very early stage of the
ablation process, at 200 ps after the laser pulse, there is a noticeable
effect of the background gas on the expansion of the small liquid
droplets, atomic clusters, and vapor-phase metal atoms generated
in the phase explosion of the top surface layer of the target. The
suppression of the expansion of the front part of the ablation plume
becomes more pronounced with time and results in the formation of
a well-defined layer of liquid droplets generated by the coalescence
of small clusters and droplets decelerated by the interaction with
the background gas. On the side of the background gas, the strong
push from the ablation plume results in the shock wave formation in
the Ar gas, with the temperature of the shocked Ar increasing up to
more than 8000 K and the pressure behind the shock front reaching
80 atm.

The interaction of the plume with the compressed background
gas has a dramatic effect on the cluster composition of the expanding
plume as well as the spatial distribution of clusters in the plume,
as can be seen from Fig. 12.5, where the distributions of vapor-
phase atoms and clusters of different sizes are shown for a time of
600 ps after the laser pulse. The collisions of the metal atoms and
small atomic clusters with the background gas atoms slow down the
fastest plume species, reduce their total populations, and produce
more narrow spatial distributions in Fig. 12.5a,b. The interaction
of the ablation plume with the background gas results in the
formation of a dense front layer of the plume, where collisions and
coalescence of small droplets and clusters increase the population of
intermediate and large droplets. The effect of the background gas is
particularly strong on atomic clusters consisting of 11 to 100 atoms
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(Fig. 12.5¢) and small droplets consisting of up to 10,000 atoms (Fig.
12.5d), which are prominently present in the front part of the plume
generated in the laser ablation in vacuum but almost completely
eliminated by the plume interaction with the background gas. The
larger droplets, with more than 10,000 atoms, are less affected by
the background gas pressure, as most of them originate from the
spallation process in the deeper part of the plume and do not directly
interact with the Ar atoms during the time of the simulation.

While the strong effect of the background gas on the cluster
composition of the ablation plume and the dynamics of different
plume components is generally recognized and supported by
experimental evidence [3, 4, 8, 120-122], the computational
prediction of the short timescale of the drastic changes in the
plume composition, occurring within the first nanosecond of the
plume expansion, is rather startling and unexpected. Additional
simulations performed at higher levels of background pressure
(up to 10 atm, to be reported elsewhere) reveal the formation of an
increasingly thick and continuous liquid layer at the interface with
the shock-compressed background gas. The formation of the dense
liquid layer at the front of the plume due to the spatial confinement
of the plume by the background gas can be related to a similar
phenomenon observed in simulations of laser ablation under much
stronger confinement by a liquid environment, as discussed in the
next section.

12.5 Ablation in Liquids

Pulse laser ablation in liquids (PLAL) has flourished since the
early 2000s, when several groups successfully demonstrated the
synthesis and size control of noble metal nanoparticles through
PLAL [34, 36, 146, 147]. While the experimental setup in PLAL is
simple, the liquid environment induces complicated plume-liquid
interactions that not only define the nanoparticle size distribution
but also facilitate the formation of metastable nanoparticles with
unusual structures and composition [28-32, 148]. The size of the
nanoparticles can be controlled by using different types of liquids
[19-21], as well as by adding organic ligands [23-26] or inorganic
salts [27] into the liquid. Moreover, a number of techniques based
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on post-irradiation of colloidal solutions, such as laser melting in
liquids and laser fragmentation in liquids, have been demonstrated
to be effective in further modifying the size, shape, and composition
of the nanoparticles [149-153]. The ability of PLAL to produce stable
contamination-free colloidal solutions of nanoparticles makes this
technique very attractive for various fields of application, including
biomedicine [154] and chemical catalysis [155, 156]. While there
are comprehensive reviews of the experimental progress in the
development of PLAL [15-18, 157], the fundamental mechanisms of
nanoparticle formation by laser ablation in liquids are still not fully
understood.

The general picture of laser ablation in liquids is very different
from the one in vacuum. The ablation plume does not expand freely
but is confined by the liquid environment. The liquid in contact with
the plume is quickly heated and vaporized to form a thin layer of
vapor surrounding the plume. This thin vapor layer can be directly
observed via shadowgraphy [158] or X-ray radiography [159] as
a dark zone surrounding the plume. The supply of heat from the
plume creates and maintains high-temperature and high-pressure
conditions in the vapor layer and drives the expansion of the layer.
The expansion of the vapor layer away from the target leads to
the formation of a cavitation bubble, while the pressure it exerts
in the opposite direction pushes against the ablation plume and
suppresses its expansion. It is often observed that the cavitation
bubble undergoes a series of expansion, contraction, and collapse
cycles [159, 160]. The interpretation of experimental results on the
evolution of the cavitation bubble is typically based on the Rayleigh-
Plesset equation used in combination with the van der Waals
equation of state [158-162]. The dynamics of the cavitation bubble
expansion and collapse are expected to play a major role in the
generation of nanoparticles in PLAL, although the exact mechanisms
of nanoparticle formation have not been established yet.

Currently, an accepted view is that the ablated material is likely
to be confined and trapped inside the cavitation bubble, where
favorable pressure and temperature conditions for nanoparticle
nucleation, growth, coalescence, and solidification are realized [163,
164]. This general scenario, however, cannot be directly verified and
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detailed with conventional optical methods, since an optically dense
interface between theliquid and the cavitation bubble blocks the view
of the processes occurring inside the bubble. Recently, the novel use
of small-angle X-ray scattering (SAXS) is demonstrated to be capable
of relating the cavitation bubble dynamics to nanoparticle growth
[159, 165]. In situ SAXS can be used to scan different positions in
the bubble with different time delays, thus enabling mapping of the
particle size distribution with respect to the time and position inside
the bubble [159, 165, 166].

Signals yielded by SAXS have revealed two distinct nanoparticle
size populations in the cavitation bubble: the “primary particles,”
with asize distribution centered around 8-10 nm, and the “secondary
particles,” with sizes around 50 nm. The primary particles are
detected at the early stage of the first bubble expansion. A higher
density of primary particles is detected near the bottom of the
bubble, and their abundance decays toward the top of the bubble.
The signal from the secondary particles is weak during the first cycle
of the bubble expansion and collapse but becomes stronger after the
rebound. The secondary particles are speculated to form due to the
agglomeration of primary particles during the bubble collapse, when
the primary particles are forced to collide with each other due to
the sudden volume contraction. The sizes of the secondary particles
are found to be highly variable, with rapid changes observed in the
course of the bubble dynamics, suggesting that these “particles” may
not be compact objects but some forms of loose networks of molten
material or nanoparticle agglomerates. While the interpretation
of SAXS data provides firsthand quantitative understanding of
nanoparticle generation in PLAL, other approaches are needed to
fully capture the nanoparticle generation mechanisms. In particular,
atomic clusters and nanoparticles smaller than 5 nm cannot be
detected with SAXS but may be responsible for the nanoparticle
nucleation and growth in the ablation process, as well as the slower
growth and coarsening of nanoparticles in the colloidal solutions
generated by PLAL. Moreover, the primary particles detected at
the early stage of the first bubble expansion are likely to be directly
ejected from the irradiated target or formed during the first
nanoseconds of the plume expansion, which is currently beyond the

443



444

temporal resolution of SAXS. One needs to push beyond the current
SAXS limits on particle sizes and temporal/spatial resolution to
observe the ablation phenomena in more detail. There is also a
need to resolve the thermodynamic states of the plume confined in
the cavitation bubble to enable a reliable theoretical description of
PLAL.

Computational modeling can play an important role in the
interpretation of experimental observations and exploration of
mechanisms of the nanoparticle generation in PLAL. Only the first
attempts to address the nanoparticle generation mechanisms in one-
dimensional continuum-level hydrodynamic modeling, however,
have been reported so far [44, 45]. The liquid in these simulations is
assumed to be a transparent, thermally insulating, and nonmixable
overlayer with mechanical properties described by a single-phase
equation of state parametrized for water. The highly simplified
representation of the water environment prevents the realistic
description of some of the key processes, such as the formation of a
layer of water vapor driving the expansion of the cavitation bubble,
water-metal mixing, and rapid cooling of the metal species in the
mixing region. Moreover, the one-dimensional nature of the model
does not allow for the direct simulation of nanoparticle generation.
Nevertheless, the results of the hydrodynamic simulations have
provided importantinsights into the initial dynamics of laser ablation
under conditions of spatial confinement by a liquid overlayer and
demonstrated that the confinement alone can facilitate generation
of nanoparticles with a bimodal size distribution. The predictions
of these simulations are illustrated in Fig. 12.6, where the contour
plots show the phase transformations in an Au target irradiated by a
200 fs laser pulse at two different laser fluences. In the low-fluence
regime, the ejection of multiple liquid layers is observed (Fig. 12.6a)
and attributed to the photomechanical spallation. The spalled layers
merge into one thick layer due to the deceleration of the frontlayer, in
contact with water. One can speculate that breakdown of this liquid
layer in the course of the spallation process or due to the thin-film
instability may produce nanoparticles comparable to the thickness
of the spalled layers, of the order of tens of nanometers. At a higher
laser fluence, the top layer of the irradiated target undergoes an
explosive decomposition into a mixture of liquid droplets and vapor,
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which pushes the water overlayer away from the target and creates a
low-density region where small nanoparticles are expected to grow
through condensation from the vapor phase.

-1.5 “
(@

-1.0 4

-0.5 4

z, um

Time, ns Time, ns

Figure 12.6 Time—space diagrams showing the phase composition of different
regions of gold targets irradiated in a water environment by 200 fs laser pulses
at absorbed fluences of 2600 J/m? (a) and 5500 J/m? (b), as predicted in
continuum-level hydrodynamic simulations reported in Ref. [45].

As has been demonstrated above, in Sections 12.3 and 12.4,
large-scale MD simulations are capable of not only predicting the
thermodynamic conditions leading to the material ejection in laser
ablation but also providing detailed atomic-level information on
the mechanisms of nanoparticle formation. With the development
of a computationally efficient coarse-grained representation of the
liquid environment, discussed in Section 12.2.2, it is now possible
to apply the MD technique to the simulation of PLAL, as has been
demonstrated in recent MD simulations of thin Ag film ablation
in water [106]. The extension of this work to a simulation of laser
ablation of a bulk silver target in water is presented below and
illustrated in Figs. 12.7-12.9. The schematic of the computational
setup is provided in Fig. 12.1, with the depth of the atomistic TTM-
MD part of the target, L, equal to 200 nm in the lower-fluence
simulation (Fig. 12.7) and 400 nm at a higher fluence (Fig. 12.8);
the size of the region where the coarse-grained representation of
water overlayer is used, Le,, is 300 nm; the lateral dimensions of
the computational cell are 100 nm x 100 nm; and the laser pulse
duration is 100 fs.
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Figure 12.7 Snapshots of atomic configurations (a) and a density contour plot
(b) predicted in the atomistic simulation of laser ablation of a bulk silver target
irradiated in water by a 100 fs laser pulse at an absorbed fluence of 1500 J/m?2.
Only parts of the computational system, from —160 to 200 nm with respect to
the initial surface of the silver target, are shown in the snapshots. The atoms are
colored according to their potential energies: from blue for the crystalline part
of the target to green for liquid Ag and red for internal surfaces of the voids and
the water—Ag interface. The molecules representing the water environment are
blanked, and the presence of water is illustrated schematically as a bright-blue
region above the Ag target. In the contour plot, the blue line shows the location
of the melting and solidification fronts, while the two black lines outline the
water—Ag mixing region, defined as a region where both water molecules and
Ag atoms are present.

The absorbed fluence of 1500 J/m?, used in the first simulation
illustrated in Fig. 12.7, is about 50% above the spallation threshold
for irradiation in vacuum [92], where the ejection of multiple liquid
layers/droplets is observed (see Section 12.3 for the discussion of
the spallation mechanism). The initial response of the Ag target to
the laser excitation in the simulation of PLAL is similar to that in
vacuum, with multiple voids nucleating, growing, and coalescing in
the subsurface region of the target (Fig. 12.7a) in response to the
generation of tensile stresses (Fig. 12.9a). The resistance of the
water environment to the outward motion of the top layer, however,
prevents the complete separation of the melted layer from the
target, slows down the layer, and, at about 1.35 ns after the laser
pulse, reverses the direction of its motion. The conductive cooling
through the remaining liquid bridge connecting the top layer to the
bulk of the target, combined with an additional cooling due to the
interaction with water environment, brings the average temperature
of the liquid layer down to the equilibrium melting temperature of
the EAM Ag, T,, = 1139 K [52] by 740 ps after the laser pulse and
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undercools the layer down to 0.85 T, by the end of the simulation at
1690 ps. While the simulation was not continued beyond 1690 ps, it
can be estimated from the rate of cooling and the velocity of the layer
in the direction toward the surface that the connecting bridge and the
entire layer will solidify well before the time that would be needed
for redeposition of the liquid layer to the target. The solidification is
expected to proceed by a combination of epitaxial regrowth of the
single-crystal target through the bridge into the top layer (the front
of the epitaxial regrowth is shown by the blue line in the contour
plotin Fig. 12.7b) and a massive nucleation of new crystallites at ~4
ns, when the temperature of the layer T}, is projected to decrease to
~0.7 [56].
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(a) (b) Time, ps

Figure 12.8 Snapshots of atomic configurations (a) and the density contour
plot (b) predicted in atomistic simulation of laser ablation of a bulk silver target
irradiated in water by a 100 fs laser pulse at an absorbed fluence of 4000 J/m?2.
Only parts of the computational system, from —220 to 450 nm with respect to
the initial surface of the silver target, are shown in the snapshots. The atoms
are colored according to their potential energies, from blue for liquid Ag
to red for the vapor-phase Ag atoms. The molecules representing the water
environment are blanked, and the presence of water is illustrated schematically
as a bright-blue region above the Ag target. In the contour plot, the blue line
shows the location of the melting and solidification fronts, while the two black
lines outline the water—Ag mixing region, defined as a region where both water
molecules and Ag atoms are present.

The computational prediction of the formation of large subsur-
face voids, stabilized by the rapid cooling and solidification of the
surface region, has important implications for both generation of
nanoparticles in a multipulse irradiation regime and surface mod-
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ification by laser processing in a liquid environment. The subsur-
face voids generated by laser spallation confined by water are many
times larger than the ones observed close to the spallation threshold
in vacuum [56]. The final structure expected to form after complete
solidification in the simulation illustrated in Fig. 12.7a is essentially
a thin metal layer loosely connected to the bulk of the target by thin
walls and bridges. The irradiation of such a target by a subsequent
laser pulse would result in the partial confinement of the deposited
laser energy in the surface layer, leading to a substantial reduction
of the threshold fluence for the onset of the phase explosion. Thus,
while the generation of nanoparticles is not observed at this flu-
ence upon the first pulse laser irradiation, the appearance of large
subsurface voids can help to produce nanoparticles through the
decomposition of the upper layer of the target upon irradiation by
subsequent pulses, leading to the incubation effect for the nanopar-
ticle generation demonstrated earlier in simulations performed in
vacuum [56]. The incubation due to the presence of subsurface voids
in pulsed laser ablation in liquids has also been observed in large-
scale MD simulations and will be reported elsewhere.
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Figure 12.9 The evolution of pressure (blue curves) and the total number
of voids (red curves) in atomistic simulations of 100 fs laser irradiation of Ag
targets at absorbed fluences of 1500 J/m? (a) and 4000 J/m? (b). For both plots,
the pressure is averaged over a region between 10 and 60 nm under the initial
surface of the Ag target. The region of negative (tensile) pressure is colored blue
in (a). The decrease in the number of voids is related to the void coalescence
and coarsening, with the total volume of the voids rapidly increasing in both
simulations during the time shown in the plots.

The stabilization of large subsurface voids and frozen surface
structures by the interaction of the laser-generated transient melted
structures with a liquid environment, predicted in the simulations,
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is also consistent with experimental observations of distinct surface
nanomorphologies generated in laser processing in liquids [121,
167-172]. Further improvement in the computational efficiency of
the atomistic simulations and the development of new multiscale
approaches are needed to enable an efficient computational
exploration of surface nanostructuring in liquids at experimentally
relevant length scales and timescales.

The second simulation, illustrated in Figs. 12.8 and 12.9b, is per-
formed at a higher absorbed laser fluence of 4000 ]J/m?, which is
about two times the threshold fluence for the transition from spal-
lation to phase explosion regimes of laser ablation in vacuum [92].
The superheated liquid that in vacuum undergoes an explosive de-
composition into small liquid droplets and vapor is now confined by
water and is collected into a dense hot layer that pushes the water
away from the target. The layer grows as the porous subsurface re-
gion of the Ag target expands, and more melted and vapor-phase Ag
join the layer. Note that despite the visual similarity of the subsur-
face void evolution in Figs. 12.7 and 12.8, the main driving forces
behind the void generation in the two simulations are different, as
can be clearly seen from Fig. 12.9. In the low-fluence regime, at the
absorbed fluence of 1500 J/m?, the sharp increase of the number
of subsurface voids coincides with the time when tensile stresses,
highlighted by blue color in Fig. 12.9a, are generated due to the re-
laxation of the initial compressive pressure. At the higher fluence of
4000 ]J/m?, the superheated top layer confined by the water envi-
ronment keeps the positive pressure on the underlying melted part
of the target for a longer time (Fig. 12.9b). The generation of voids
in this case is mainly driven by the release of vapor and can be de-
scribed as homogeneous boiling.

At a later time, beyond the timescale of the simulation, the top
Ag layer is expected to completely separate from the target and
slowly cool down due to the interaction with water. The water-silver
mixing region, outlined by two black lines in Fig. 12.8b, is expected
to grow and evolve into a low-density vapor region expanding under
the action of water vapor pressure. The condensation of Ag vapor in
the mixing region is expected to result in the formation of small Ag
clusters, as have been observed in simulations of thin-film ablation
[106] as well as ablation of bulk targets that will be reported
elsewhere. At the same time, the top liquid layer is likely to rupture
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into larger liquid droplets due to the inherent instability of thin liquid
films [38, 119] and the dynamic interaction of the liquid layer with
the expanding and collapsing vapor bubble. The coexistence of the
two distinct mechanisms of nanoparticle formation, the nucleation
and growth in the mixing region and the decomposition of the thin
liquid layer [106], may be related to the common observation of
bimodal nanoparticle size distributions in PLAL [34, 36].

12.6 Concluding Remarks

The advancement of computational methods for the simulation of
laser interactions with materials and the fast growth of available
computing resources are expanding the range of research problems
that can be addressed in large-scale MD simulations. Recent
developments of computationally efficient approaches to the
description of laser ablation in the presence of a background gas
or liquid environment have enabled an exploration of the effect of
various degrees of spatial confinement on the material response
to short-pulse laser irradiation and generation of nanoparticles in
laser ablation.

The comparison of the results of large-scale atomistic simula-
tions of laser ablation of Al targets in vacuum and in a 1 atm Ar gas
environment has revealed a surprisingly strong effect of the back-
ground gas on the initial plume expansion and evolution of the clus-
ter size distribution. The formation of a strong shock wave in Ar, the
rapid coalescence of smaller droplets and clusters in the dense front
part of the ablation plume, and the suppression of the generation of
small and medium-size Al clusters are among the effects predicted in
the simulations.

The effect of a much stronger confinement of the ablation
process by a liquid environment is explored in MD simulations of
laser spallation and ablation of Ag targets in water. In the spallation
regime, the confinement by a water environment is found to prevent
the complete separation of the spalled layers from the target,
leading to the stabilization of large subsurface voids frozen in a
rapid solidification process and suggesting the incubation effect for
the generation of nanoparticles. The computational prediction of the
formation of a porous surface region with a complex morphology
of frozen subsurface structures can also be related to experimental
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observations of distinct surface nanomorphologies generated in
laser processing in liquids. At a higher laser fluence, which results in
the phase explosion in vacuum, the confinement by water suppresses
the phase decomposition of the superheated top layer of the target
and collects the ejected material into a dense hot layer that pushes
the water away from the target.

While the simulations reported in this chapter demonstrate
the ability of the MD simulations to provide important insights
into the mechanisms of laser interactions with metals in different
environments, further advancements in the computational
efficiency of MD simulations and the development of new multiscale
approaches are needed to enable effective computational exploration
of the longer-term processes of mixing of the ablation plume with
a liquid environment, cavitation bubble formation, and surface
nanostructuring in liquids at experimentally relevant length- and
timescales.
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